Tritium/Tritium gas/Oxidation/Lichen/Moss/Plant leaf The oxidation of atmospheric molecular tritium (HT) in vegetation was determined by in vitro experiments for pine needles, pine bark, lichens attached to pine trees, taken from a coastal pine forest in Ibaraki prefecture and comparison of such measurements was made with those in soil.
INTRODUCTION
Molecular hydrogen (H) is a minor constituent of atmospheric air, with a volume mixing ratio of 0.56 ppmv1). It is produced by biological and anthropogenic processes and removed mainly by biological oxidation in the soil2). Tritium is an isotope of hydrogen introduced into the atmospheric air predominantly by nuclear weapon testing. Its current major annual sources are natural production by cosmic rays and discharge from nuclear fuel cycles 3). The current ratio of molecular tritium (HT) to H2 in atmospheric air is approximately 1-2 x 10-12 determined from the data of Mason and Ostlund4), Burgers) and Takashima et a1.6). However, this level may increase in the future, in view of the large amount of HT expected to be used in nuclear fusion reactors. The behavior of HT in the environment is probably essentially the same as that of H2. It is rapidly oxidized to tritiated water (HTO) in the soil-11). Since the limits for intake of HT by workers is about 25000 times that of HTO12~, it is important to quantify the oxidation rate of HT in the environment for the purposes of radiation protection .
The incorporation of HT in plant foliage such as pine needles is quite 1ow8 '13) . The specific activity of tritium in organic matter of plant tissues exposed to fall-out tritium in the environ ment often exceeds that in tissue free water 6,14-16) The mechanism for the incorporation of tritium from HT in atmospheric air into plant organic matter has yet to be determined . The present study was undertaken to quantify the oxidation rates of HT in pine needles , bark, and pine litter for a comparison of this parameter with that in the soil of a pine forest .
High HT oxidation activity we found in pine bark prompted us to examine HT oxidation in organisms attached to bark and living on the ground surface .
MATERIALS AND METHODS
Needles, bark, a lichen, Parmelia tinctorum Nyl., small roots from the black pine, Pinus thunbergii Parl., litter and surface soil samples (0-5 cm in depth), were collected from a coastal pine forest at Oarai in Ibaraki prefecture in June and October 1987. The lichen, Parmelia tinctorum Nyl., and the moss, Glyphomitrium humillimum (Mitt.) Card., inhabited the poplar bark , the moss, Barbula unguiculata Hedw, the bark of Japanese apricot trees, mosses, Pogonatum inflexum (Lind.) Lac. and Marchantia polymorpha L., the ground, and leaves of lawn grass, Zoysia Japonica Steud., white clover, Trifolium repens L., and Houttuynia cordata Thunb., were taken from the campus of Ibaraki University in Mito in May and June 1987. Two mushrooms, Flammulina veltipes (Curt:Fr.) Sing. and Lentinus edodes (Burg .) Sing., were obtained from commercial sources. Soil samples were sieved (<2 mm) three times and then stored at 4°C until use.
Each 300 mg (fresh weight) sample was placed in a 12.5 ml vessel which was sealed with a butyl rubber stopper and aluminum cap. HT with a specific activity of 7.4 GBq/mmol (Amersham) was diluted with air, followed by washing with distilled water to remove traces of contaminated HTO, and 7.4-74 kBq of HT was subsequently introduced into each vessel with a valved syringe. The samples were incubated at 30°C with constant shaking. In case of soil samples, following incubation, 2 ml of cold sterilized distilled water were injected into each vessel of soil sample followed by vigorous shaking and the supernatant was obtained by centrifugation at 1000 rpm for 5 min. Tritium activity in the supernatant was measured by liquid scintillation counting (Tri-Carb 2000CA/LL Liquid Scintillation Analyzer, Packard Instrument Co .) In case of plant samples, tritium activity of each sample was measured by liquid scintillation counting following the combustion of the sample in an oxidizer (Model 306 Automatic Tri -Carb Sample Oxidizer, Packard Instrument Co.). Initial reaction rates of biological HT oxidation were calculated from oxidation time courses obtained using triplicate incubation vessels per unit time and ex pressed as per cent oxidation per hourl7>. In order to examine the effect of light on the oxida tion of HT in vegetation, some of the samples were incubated either in light (4900 ± 400 lux in a vessel) or in dark brown glass vessels . 1), lichen without fruiting body and dark green in color, unknown 1.
2), Parmelia tinctorum. Table 1 shows the results of HT oxidation for various samples from the coastal pine forest. The HT oxidation rate was highest in the surface layer (0-5 cm in depth) of the pine forest soil and in small pine roots extending into the surface layer of the soil. The HT oxidation rate of pine needles was quite low, being only 1/40000 that of the surface soil, while that in pine bark covered with a lichen (lichen without a fruiting body, not identified and dark green in color) was about one fifth the oxidation rate of the surface soil. The foliaceous lichen, Parmelia tinctorum, obtained from pine bark possessed high capacity for HT oxidation, almost equivalent to that of pine bark covered with the dark green lichen. Table 2 shows the HT oxidation rates in lichens and a moss attached to bark and the effects of light. HT oxidation in the moss, Glyphomitrium humillimum, living on the poplar bark, was greater than that in the lichen, Parmelia tinctorum also habitating this bark. The HT oxidation rates in bark with the lichen, lichen alone, or moss were essentially the same in both light and dark. In contrast to high HT oxidation activity of barks with lichens, a lichen and a moss, leaves of lawn grass, white clover and Houttuynia cordata showed low HT oxidation activity. That in white clover was as low as the activity in pine needles (Table 3) . HT oxidation activity in the light in all leaves examined was about as low as that in the dark. HT oxidation in certain other mosses and mushrooms was also determined (Table 4) . HT oxidation activity was highest in a moss obtained from the bark of the Japanese apricot tree, Barbula unguiculata, followed by that in two mosses, Pogonatum inflexum and Marchantia polymorpha, inhabiting the ground. Both were carefully washed to devoid soil and excess moisture was removed before use. HT oxidation activity in Barbula unguiculata was basically the same as that in the washed moss. Two mushrooms, Flammulina veltipes and Lentinus edodes, obtained commercially were found to have much less HT oxidation activity than that in lichens and mosses examined, but somewhat more than that in the pine needles. When the lichen Parmelia tinctorum and the moss Barbula unguiculata were exposed to atmospheric HT for 1 hour at 30'C, more than 98% of the incorporated tritium activity in both plants was HTO.
RESULTS

DISCUSSION
HT oxidation in various samples from the coastal pine forest was determined by in vitro experiments. The activity in pine needles was lowest, being only 1/40000 of that in forest surface soil. Spencer and Dunstall18) reported the HT oxidation in white pine, repotted in moist sterilized sand after the roots had been washed free of soil and exposed to HT, to be about 1/1000 of the activity in the soil. However, it has been found to be 40 times greater than that in loblolly pines13). Since there was markedly high HT oxidation activity in the foliaceous lichen. Parmelia tinctorum and in pine bark covered by the dark green lichen (Table 1) , HT oxidation activity in Parmelia tinctorum and the moss, Glyphomitrium humillimum obtained from poplar bark, was assessed under light and dark conditions. Light was found to have no significant effect (Table  2) , as was also observed for the grass leaves (Table 3 ). Kline and Stewart19) noted the uptake of tritiated water (HTO) vapor by grass leaves in daylight to be more rapid than that in the dark, as also reported by Garland and Cox8) and Couchat et a1.20) . It is thus evident that the mechanism of HT oxidation differs from that of HTO uptake in vegetation. The removal of all contaminated HTO from HT before use is most important since HTO is taken up more easily than HT 21) . In the present study, the per cent contaminated HTO in HT was less than 0.00002%.
When the HT oxidation rate in lawn grass blades was compared with that in washed lawn grass blades in the light and darkness, no significant differences were found (data not shown), as was also the case for the moss, Barbula unguiculata ( Table 4 ). The water content of washed and non-treated samples in all the experiments was controlled so as to be the same. Thus the effect of dust (including soil bacteria in it) in nature in these samples was negligible. Hydrogenase (EC class 1.12) catalyzes the reversible oxidation of HT and is present in many types of procaryotic microorganisms and algae 22). Lichen is a symbiont of algae and fungi and the HT oxidation activity in the lichen, Parmelia tinctorum, may be due to hydrogenase(s) in symbiotic algae. However, all mosses as well as lichen examined in the present study showed unexpectedly high levels of HT oxidation activity. Thus hydrogenases may be present in a broader range of organisms than heretofore realized. According to Inoue et a1.23) the tritium concentra tion of free water in moss growing near nuclear facilities was higher than in monthly rain, while Belot et al. 14) reported that the organically bound tritium concentration in moss exposed to fall out was much higher than HTO concentration in free water. Hydrogenase activity in moss may contribute to the intake of this fall-out tritium in plants. A rough estimate of the level of HT oxidation in the pine forest after its release into the atmosphere was made on the basis of our present in vitro experimental results and from measurements of round numbers of total amounts of pine needles and pine bark covered with lichens of a standardized model pine tree in the pine forest. The experimental conditions extra polated from those in an incubation vessel used in the present in vitro experiments were assumed to apply to a pine tree exposed to atmospheric HT (6.7 kBq/ml air) in a cylinder 3 m in diameter and 10 m in height for 1 hour. The total amount of HT oxidized in pine needles, bark with lichens and soil (0-0.2 cm or 0-1 cm in depth) was calculated as 15-30 kBq, 0.7-1.5 GBq and 20-30
GBq or 100-159 GBq, respectively. The present calculation based on the potential for HT oxidation in pine needles, bark (branch and trunk) and the soil under a pine tree suggests the importance of HT oxidation in soil and bark with lichen for the incorporation of HT into the plant foliage.
ACKNOWLEDGMENT
This work was supported by The Grant-in-Aid for Fusion Research from the Ministry of Education, Science and Culture of Japan.
